Short pulses generated from low-cost semiconductor lasers by a simple gain-switching technique have attracted enormous attention because of their potential usage in wide applications. Therein, reducing the durations of gain-switched pulses is a key technical point for promoting their applications. Therefore, understanding the dynamic characteristics of gain-switched pulses is highly desirable. Herein, we used streak camera to investigate the time-and spectral-resolved lasing characteristics of gain-switched pulses from optically pumped InGaN single-mode vertical-cavity surface-emitting lasers. We found that fast initial components with ultra-short durations far below our temporal resolution of 5.5 ps emerged on short-wavelength sides, while the entire pulses were down-chirped, resulting in the simultaneous broadening of the spectrum and pulse width. The measured chirp characteristics were quantitatively explained using a single-mode rate-equation model, combined with carrier-density-dependent gain and index models. The observed universal fast short-wavelength components can be useful in generating even shorter pulses from gain-switched semiconductor lasers.
L ow-cost, robust, compact, and short-pulse semiconductor lasers are on demand in many applications such as the next-generation high-density high-capacity three-dimensional optical storages [1] [2] [3] [4] [5] and bio-medical imaging 6, 7 . The characteristic wide direct energy gap, high luminescence efficiency, and high stability of nitride semiconductors suggest that nitride-based semiconductor lasers can be used to achieve shorterwavelength light sources [8] [9] [10] [11] [12] [13] . Increasing attention has been devoted to pulse generation from nitride-based semiconductor blue lasers by gain-switching technique [14] [15] [16] [17] , which is a simple and inexpensive technique of short-pulse generation through direct modulation of semiconductor lasers. Pulse widths of gain-switched pulses range from several tens to several hundreds of picoseconds; to promote the application of gain-switched semiconductor lasers, shorter pulses with pulse widths on picosecond and subpicosecond scales are desirable. However, it is still a challenge to develop gain-switched pulse sources with picosecond-or subpicosecond-scale pulse widths.
One of the difficulties in obtaining short pulses from gain-switched semiconductor lasers is complex spectral dynamics that include nonlinear chirping (a phenomenon intrinsic to directly modulated semiconductor lasers), i.e., a dynamic shift of the peak emission wavelength during lasing, caused by the transient-carrier-densitychange-induced index change in the active regions of semiconductor lasers. Nonlinear chirps may broaden the lasing spectrum and the output-pulse width of directly modulated semiconductor lasers, and thus, have so far attracted considerable attention [18] [19] [20] [21] [22] [23] . Previously, we have studied the dynamics of nonlinear chirps of a gainswitched 1.55-mm single-mode distributed feedback laser diode (DFB-LD) 24, 25 ; we also demonstrated that nearly transform-limited sub-5-ps short pulses could be generated via spectral filtering technique from the shortwavelength side of highly chirped gain-switched pulses. These results indicated that a proper knowledge and control of chirp characteristics can help learn how to generate even shorter pulses by using gain-switched semiconductor lasers.
Besides the DFB-LD, another well-known single-mode laser is vertical-cavity surface-emitting laser (VCSEL) 26 , which has the advantages of low laser threshold, wafer-scale processing, and the ability to form two-dimensional device arrays. Owing to the improved crystal growth and device-processing techniques, nitride-based singlemode VCSELs with blue-and green-region lasing wavelength have been demonstrated 17, [27] [28] [29] . However, regarding the nitride-based VCSELs, transient characteristics of gain-switched pulses, including wavelength chirp during lasing, remain elusive.
In this paper, transient characteristics of gain-switched pulses from a single-mode gain-switched InGaN VCSEL were investigated via optical pumping and streak-camera direct observations. The time-and spectral-resolved streak-camera images of the gainswitched pulses demonstrated that, for high pump-power levels, the gain-switched pulses originate on short-wavelength side and have an initial duration much shorter than 5 ps, then broaden and simultaneously shift toward the long-wavelength side. The chirp was found to increase while the pulse width and pulse-delay time decreased with increasing pump power. The chirp, pulse width, and pulse-delay time exhibited saturation at high pump-power levels. These characteristics were satisfactorily explained by using a theoretical model with a single-mode rate equation that included carrier-density-dependent gain with saturation.
Results
Time-and spectral-resolved measurements of gain-switched pulses. Figure 1 shows the sample structure of InGaN VCSEL and the experimental setup. The vertical cavity of the sample consisted of three-period InGaN/GaN quantum wells and two Ta 2 O 5 /SiO 2 distributed Bragg reflectors (DBRs), with a cavity length of 2.3 mm, resulting in a cavity lifetime of 0.6 ps. Fabrication procedure of the VCSEL is given in the Supplementary Information. The sample was optically pumped with a 1-kHz, 400-nm, and 300-fs pulse laser beam with a beam size of ,50 mm and was focused on the sample surface by using an optical lens. This experimental setup demonstrated the simplicity of the gain-switching operation. The time-integrated emission spectra were measured by using a spectrometer system with a liquid nitrogen-cooled charge-coupled device (CCD). The time-resolved emission spectra were measured using a streak camera.
The time-integrated emission spectra obtained for various pumppower levels are shown in the upper panel of Fig. 1 . Single-mode lasing at 444.5 nm was started for a pump-power value higher than 20.8 mW (henceforth, average power) and remained at the single mode even for elevated pump-power values. The enlarged lasing mode spectra, shown in the figure inset, disclose that the blue shift and spectral broadening on the short-wavelength side occur at elevated pump-power values. The spectral resolution in Fig. 1 is 0.15 nm. Figure 2 shows the time-and spectral-resolved streak-camera images of the VCSEL gain-switched output pulses for various pump-power levels (additional images are provided in the Supplementary Information). The system's spectral resolution was 0.15 nm. The spectrally integrated waveforms of the pulses are shown in the bottom panel of Fig. 2 . The measured 5.5-ps width of the 300-fs pump pulse indicates that the system resolution of the present streak camera is 5.5 ps. The pulse width and delay time of the VCSEL gain-switched pulses are gradually reduced as the pump power increases. This observed dependence of the delay time and pulse width on the power is typical for gain-switched pulses. The measured shortest pulse width is ,10 ps (including the 5.5-ps resolution width) with a delay time of 16 ps. As the pulse width and delay time of gain-switched pulses decrease with increasing pump power, the initial transient spectral broadening on the short-wavelength side of the pulses appears gradually and becomes significant at elevated pump-power values. This spectral broadening observed on the shortwavelength side by using a streak camera is in good agreement with the results of time-integrated spectroscopy shown in Fig. 1 .
To analyze the spectral dynamics of gain-switched pulses, a streakcamera image, obtained for the pump power of 221.7 mW, is replotted in Fig. 3 (a) after normalizing with respect to wavelength; this figure discloses a clear wavelength dependence of the pulse width and delay time (the streak-camera images before and after normalization are shown in Supplementary Information). The delay time and pulse width of the pulses at each wavelength, extracted from the streak-camera images of gain-switched pulses, are shown in Fig. 3(b) . shows three examples of the extracted pulse waveforms, for different wavelengths. From these results, it can be seen that the pulses on the short-wavelength side are much shorter than those on the long-wavelength side. Figure 3 (b) shows that, for short wavelength below 444.4 nm, the measured pulse widths are very short and almost limited by the system resolution of 5.5 ps ( Fig. 3 (c) also shows that the pulse shape of the pulses on short wavelength side overlaps well with the system response), and the delay time increases almost linearly with increasing wavelength (linear down chirp) with a slope (i.e., wavelength chirp) of 17 ps/nm. In contrast, for wavelengths longer than 444.4 nm, the pulse width increases significantly with increasing wavelength (Fig. 3(c) also shows that the pulses on long wavelength side have longer pulse width and delay time than the pulses on short wavelength side). The streak-camera image in Fig. 3(a) shows that there is a common long tail (slow component) at the end of the pulse for wavelengths longer than 444.4 nm. This long tail was found to have a decay time of 8 ps, independent of pump power (see the Supplementary Information).
Quantitative simulation of wavelength-chirp dynamics. Figures 4(a) and (b) show the magnitudes of the wavelength chirps and the delay times of the gain-switched pulses for various pump powers extracted from the time-resolved streak-camera images. The chirp (in units of nm/ps) increases and the delay time decreases gradually with increasing pump power, followed by the saturation of both the chirp and delay time at elevated pump-power values.
These power-dependent chirp characteristics and pulse delay times of the gain-switched pulses were quantitatively simulated with a single-mode rate-equation model 30, 31 that combined a carrier-density-dependent gain with saturation [30] [31] [32] and an a-parameter, giving a chirp that is proportional to the gain [18] [19] [20] [21] [22] [23] :
g(n,s)~g 0 (n{n 0 ) ½1zg 0 (n{n 0 )=g s (1zes) ð3Þ www.nature.com/scientificreports Here, l is the wavelength of the lasing mode, Dl is the wavelength shift, a is the linewidth enhancement factor, s is the two-dimensional photon density for all active layers, n is the two-dimensional carrier density in one quantum well, and g(n,s) is the carrier-density-and photon-density-dependent material gain. The parameter g s is the saturated material gain of the InGaN quantum well, t p is the cavity lifetime, and P(t) is the transient pump power given by a Gaussian function with an full width at half maximum (FWHM) of 0.3 ps.
Definitions of other parameters are summarized in Table 1 . Figure 4(c) shows the simulated temporal evolution of wavelength shift (top) and the corresponding photon density (bottom) during pulse generation, for various pump power values. Note that the initial wavelength shifts (or broadens) toward the short-wavelength side as the pump power increases. This result is in a good agreement with the experimentally observed spectral broadening that occurs for increasing pump power. Note also that the slope of the wavelength shift (namely, the chirp) increases, while the pulse width and delay time decrease with increasing pump power. This is also in a good agreement with the observed experimental results. For high pump-power values, the chirp, the delay time, and the pulse width are saturated. These saturations can be explained by the saturation of gain g(n,s) (i.e., the saturation gain g s ) in Eqs. (3) and (4) for high pump-power values. High saturation gain is an important factor for short-pulse generation by gain-switching.
Discussion
Based on the above results, the dynamics underlying the generation of short pulses under conditions of high pump-power values can be explained as follows: during the initial stage of pulse lasing, the transient carrier density in the cavity is very high, and consequently the transient refractive index is low. Thus, pulse lasing starts at a short wavelength with a high gain, causing a short pulse width. As the carriers are consumed, the pulse lasing shifts toward the long-wavelength side with a linear speed of 58 pm/ps (i.e., the chirp, inversely 17 ps/nm). The measured total pulse width of 10 ps for the gainswitched pulses in high pump-power conditions was the integration of the fast chirped component on the short-wavelength side and the additional slow component on the long-wavelength side.
Note that the essential results shown above are very similar to, and are probably the same as, the previously observed results for a singlemode DFB-LD 24, 25 , where the pulse was short and down-chirped on the short-wavelength side, and was mixed with very slow components on the long-wavelength side. In the DFB-LD experiment, pumping was achieved by much longer nanosecond-scale electrical pulses, and the slow long-wavelength component was ascribed to the near steady state, or pedestal, lasing. However, because we used femtosecond optical pumping in the present study, the slow longwavelength component cannot be ascribed to steady-state components as in the nanosecond-pumped DFB-LD.
The origin of the slow long-wavelength component in the present study is not known yet. Nevertheless, a spectral filtering technique should be useful in eliminating it and in extracting only the fast chirped component in the short wavelength 24, 25 . According to the measured chirp of 17 ps/nm and the spectral width of 0.3 nm, the pulse width after the spectral filtering will be 5 ps. A chirp-compression technique should then be useful for further reducing the pulse width. In summary, the spectral dynamics of the picosecond gainswitched pulses from a single-mode optically pumped InGaN VCSEL were investigated by using streak-camera direct observations and theoretical simulations. The fast short-wavelength components showed pump-power-dependent wavelength chirp with a maximal value of 17 ps/nm. This chirp and an additional slow long-wavelength component were the main reasons for the broadening of the output pulse width. Even shorter pulses could be generated via spectral filtering and proper chirp compensations. The simulation suggested that an increased saturation gain, for example by increasing the number or the thickness of InGaN layers, should make the shortwavelength component faster. The generation dynamics of picosecond gain-switched pulses from the InGaN VCSEL revealed in this study is expected to provide an important reference for the understanding of the gain-switching mechanism and generation of short gain-switched pulses with nitride-based and other-material-based VCSELs.
Methods
Fabrication of sample. The InGaN multiple quantum wells were grown on sapphire substrates by using metal-organic chemical vapor deposition. First, the bottom DBRs were fabricated on the sample surface by electron-beam-evaporation technique. Then, the sample with the bottom DBR was bonded to another sapphire substrate, and the substrate that was used for the growth was removed by the laser-liftoff technique. Following this, the top DBR was fabricated on the sample. Detailed description of the fabrication process can be found in the Supplementary Information.
Characterization of sample. The pump light source was a regenerative amplifier (Spectra Physics, Spitfier), producing 1-kHz, 120-fs pulses at 800 nm, seeded by a mode-locked Ti:sapphire laser (Spectra Physics, TSUNAMI 3160C). The VCSEL was optically excited by impulsive fs pulses at 400 nm, which were obtained by taking the second harmonics of the 800-nm fundamental wave with a b -BaB 2 O 4 (BBO) crystal. The pump laser beam with a beam size of ,50 mm was focused on the sample surface by using an optical lens. The time-resolved emission spectra were measured by a streak camera (Hamamatsu C5680) combing a monochromator. All the experiments were performed at room temperature.
Simulation. Table 1 summarizes the definitions and values of all the parameters used for simulation. Therein, differential gain g 0 , gain compression factor e, saturated material gain g s , and line enhancement factor a are the main fitting parameters. The used values of these main parameters for the best simulations of the experimental results were in very good agreement with the results of theoretical calculations and experiments in the references [33] [34] [35] [36] [37] . Other parameters are device parameters or fixed values obtained from references or experimental results.
